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Abstract. Eisenhauer et all (2003, 2005|) derived absolute (geometrical) estimates of the 



distance to the center of the Galaxy, Rq, from the star S2 orbit around Sgr A* on the 
assumption that the intrinsic velocity of Sgr A* is negligible. This assumption produces 
the source of systematic error in Rq value owing to a probable motion of Sgr A* relative to 
the accepted velocity reference system which is arbitrary to some extent. lEisenhauer et aT 



justify neglecting all three spatial velocity components of Sgr A* mainly by low limits of 
Sgr A*'s proper motion of 20-60 km/s. In this brief paper, a simple analysis in the context of 
the Keplerian dynamics was used to demonstrate that neglect of even low (perhaps, formal) 
radial velocity of Sgr A* leads to a substantial systematic error in Rq: the same limits 
of 20-60 km/s result in #0 errors of 1.3-5.6%, i.e., (0.1-0.45) x(Rq/8) kpc, for current S2 
velocities. Similar values for Sgr A*'s tangential motion can multiply this systematic error 
in the case of S2 orbit by factor ~ 1.5-1. 9 in the limiting cases. 



1. Introduction 



The distance from the Sun to the center of the Milky Way, i?o, is a fundame ntal Galacti c 
constant for solving many astronomical and astrophysical problems (see, e.g.. iReidl 11993 ). 
That is why, in its turn, the problem of determination of Rq remains topical over many 
years. Absolute (i.e., not using luminosity calibrations) estimates of Ro with a current 3% 
formal uncertainty from modelling the star S2 orbit around the compact concentration of 
dark mass, the so-called "supermassive black ho le" , associated with the radio source Sgr A* 
(lEisenhauer et al.ll2003l . 120051 : iTrippe et al.1l200&t ) present a major breakthrough in measuring 
Ro\ (For brevity, from here on the object in focus of S2 orbit will be referred to as "Sgr A*" .) 

However, even though to take no notice the issue on coincidence of Sgr A* with 
the d ynamical and/or luminous center(s) of our Galaxy (see discussion in iNishiyama et all 
120061 ). taken alone the modelling the orbital mo tion of a star nea r Sgr A* can be plagued 
with various systematic sources of error. Since lEisenhauer et al.l solved for the Keplerian 
orbit of the star S2, in the literature relativis tic effects and non-Keplerian orbit modelling 
are primarily explore d for this problem (e.g., lEisenhauer et al.ll2005l : iMouawad et al.l [20031 ; 
Weinberg et aD 120051). 



Meanwhile, lEisenhauer et al.l also used another assumption that the intrinsic velocity 
of Sgr A* is negligible. This assumption can produce the source of systematic error in R 
value owing to a probable motion of Sgr A* relative to the accepted velocity reference system 
which is arbitrary to some extent. Thus far, no consideration has been given to the role of 
this factor in measuring Rq. 
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In this study, a simple analysis is used to evaluate the impact of an unaccounted 
motion of Sgr A * (i.e., the focus of S2 orbit) on an R value found from the formal solution 
of orbit. The Keplerian dynamics only is taken into consideration because relativist i c and 



non-Keplerian effects seem to be insignific ant for measuring R (lEisenhauer et al.l 12005 
Mouawad et al.l [20031 : IWeinberg et al.l 120051 ) . Particular attention has been given to 
impact of a nonzero radial velocity of Sgr A* relative to the Local Standard of Rest. 



the 



2. Structure of the Problem on Determination of Orbital Param- 
eters, Distance to and Mass at Orbital Focus (Sgr A*) 

The completeness of solution of the problem in question is determined by the type of available 
data on motion of an individual star (S2). 

2.1. Star's Proper Motions Alone are Available 

In this case, all six orbital parameters are solved, except that only the absolute value of 
the inclination angle, i, is determined, leaving the questions of the direction of revolution 
(prograde, i > 0, or retrograde, i < 0) and where along the line of sight the star is located 



behind the central object unresolved (e.g.. iGhez et al.ll2003l ). Besides, the semimajor axis 



is derived in angular units (in arcsec), hereafter a". The distance to the focus, i.e., Rq, and 
the central mass, M, can not be solved. 

With accepted Ro, however, the value of semimajor axis, a, is calculated in linear units 
(in kpc) and the central mass is found from Kepler's third law 

M = n 2 a 3 /G, n = 2vr/P, (1) 

where G is the grav itational constant, n is the mean motion, and P is the orbital period, as 



it has been done in lSchodel et al.l (120021 ). 



2.2. Proper Motions and at Least a Single Measurement of Radial Velocity of 
Star are Available 

In this case, the problem is completely solved if the value of star's radial (line-of-sight) 
velocity, V r , is significantly different from zero (more exactly, from the radial velocity of the 
focus) . 

A. The sign of V r determines the sign of i. Consequently, this also breaks the ambi- 
guity in th e direction of rota tion and in star's location along the line of sight relative to the 
focus (e.g.. lGhez et al.ll2003h . 



B. The absolute value of V r determines values R and M. To gain greater insight 
into the fact of the matter, the problem can be symbolically divided into two subproblems: 
(1) the determination of orbital parameters from the proper motions alone and (2) the 
determination, knowing the orbit, of the distance to focus (Rq) and of the central mass 
from the measurement (s) of V r . These subproblems are almost independent in the case of 
modelling the motion of stars around Sgr A*, since up to now proper motion measurements 
are numerous, but V r ones are few or at all V r actually is single, for any S star with solved 
orbit. So, V r measurement (s) contribute (s) almost nothing to the knowledge of orbit, and 
vice versa proper motion measurements do not directly determine neither Rq nor M. Thus, 
such breaking the problem down seems to be quite realistic. 

If so, the value of \V r \ may be considered as determining R and M from known orbital 
parameters as follows. 
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(i) The orbit elements enable to find the ratio between \ V r \ and the total space velocity, 
V, for the moment t: 

2 2 [esinwsinu + (1 + ecosf) cosu] 2 sin 2 z 

r ' = l + 2ecosi; + e 2 ' ( ' 

where e is the eccentricity, v is the true anomaly, u = v + u is the argument of latitude, u 
is the argument of pericenter. A value of v can be calculated from classical formalism: 



tau(v/2) = y/(l + e)/(l -e)tan(£/2), 
E - esinE = M, M = n(t - t ) + M 



o- 



wher e E and M. are the eccentric and mean anomalies, correspondingly (e.g., ISubbotin 
1968). Consequently, the knowledge of \V r \ determines V . 

(ii) The value of total velocity V can be expressed as 

^ l + 2ecos^ + e 2 V /2 

v = na { ) ■ (3) 

From this equation, the value of a in linear units can be calculated. Then the ratio between 
a values in linear and angular units gives Rq: 

* = w 

(iii) Using Eq. {TJ with a in linear units determines the central mass M. 



3. Systematic Error in R Owing to a Nonzero Motion of Orbital 
Focus (Sgr A*) 

3.1. Nonzero Radial Velocity of Sgr A* 

Eisenhauer et all fl200l I2005T ) assume that the radial velocity of Sgr A*, V r * = V r (Sgr A*) 



relative to the Local Standard of Rest (LSR) is zero. Neglect of a possible radial motion 
of Sgr A* is equivalent to the introducing a corresponding systematic error in all V r values. 
This error is equal to a value of V* and is the same in all measurements of V r . From 
Eqs. (EI) — (SD follows that the relative systematic error in V r velocity fully converts to the 
relative systematic error in Rq, i.e., 

^ = = ^ 

These simple considerations make it possible readily to evaluate the systematic error 
in Rq knowing typical values of V r used for the determination of dista nce to S2/Sgr A* . 
The first S2 radial velocity measurement of V r = —510 ± 40 km/s by iGhez et al.l (2003) 



was obtained just 30 days after the star's passage through the pericenter point when V r was 
changing very rapidly. Therefore, this measurement contributes to the solution for Rq much 
less then subsequent ones, hence the evaluation of a sys (Ro) must lean upon these latter. 
Besides, the subsequent radial velocities, having substantially higher absolute values, give a 
lower limit for ct svs (-Rq) . 

lEisenhauer et all justify neglecting all three spatial velocit y components of Sgr A * 
mainly by low limits of Sgr A*'s proper motion of 20-60 km/s (lEisenhauer et all 12005 ). 
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Table 1. Systematic error in R because of neglect of a possible radial motion of 
Sgr A* 



Observational 


(Vr) 


K(Sgr A*) 


<^sys 


O"sys(-Ro) 


(kp 


c) 


Period 


(km/s) 


(km/s) 




Ro = 7.5 kpc 


Rq 


= 8 kpc 


2003 April-June 


-1500 


20 


0.013 


0.10 




0.11 






60 


0.040 


0.30 




0.32 


2004 July-August 


-1075 


20 


0.019 


0.14 




0.15 






60 


0.056 


0.42 




0.45 



Such value s of radial y elocities seem to be quite plausible for massive objects in the Galactic 



center (see iBlitzl Il994f ) . Table [T] presents values of systematical errors in R calculate d for 



possible Sgr A* ' s rad i al velocities of V* = 20 and 60 km/s with R = 7.5 and 8.0 kpc (IReid 



19931 : iNikiforovl I2004J : iTrippe et alJl2006T). In Table 1, (V r ) is the average of velocities V r 



used for estimation of Rn in lEisenhauer et al.l (120051 ). over the observational period. 



Table CD demonstrates that neglect of even moderately low radial velocity of the orbital 
focus (Sgr A*) relative to the LSR can lead to a substantial systematic error in R : values of 
V r * = 20-60 km/s result in systematic R errors of 1.3-5.6%, i.e., (0.1-0.45) x (R /8) kpc, 
for current typical star's velocities. Notice that the value of o" sys (-R ) can n °t be reduced 
statistically since all V r values is biased coherently by any nonzero velocity of Sgr A*. Only 
solving for V r (Sgr A*) can correct t his systemati c error in Rq\ 

It should be mentioned that ITrippe et al.l (120061 ) state that they already solved 3D 
velocity of Sgr A*, however, not presenting in their short paper any details — no values of 
velocities and even no exact value of current point estimate for R \ 

3.2. Nonzero Proper Motion of Sgr A* 



The reference frame for proper motions lEisenhauer et al.l have established by measuring 
the positions of nine astrometric reference stars relative to typically 50-200 stars of the 
stellar cluster surround ing Sgr A*; the uncertainty of the reference frame is 11.7 km/s (see 
Eisenhauer et al.1l2003l ). The effect of nonzero proper motion Sgr A* relative to this frame, 
jl* = /2(Sgr A*), can be approximately estimated if to imagine that the value of Ro is 
determined, also on the basis of V r J s measurement at a moment t, not from Eqs. ([3]) and (HI) 
but from the ratio between star's linear velocity on the sky, V^, and star's proper motion, /i, 
measured for the same moment t: 



Ro 



Ye 



The value of is a known function of V r , orbital elements, and time: 



v: = v 2 



V 



v 2 (^~ 2 - 1), # 2 (t) 



V 2 

* r 
y2> 



(6) 



(7) 



where ty 2 (t) can be calculated from orbital elements [Eq. (J2J)]. Any nonzero radial velocity 
V* and nonzero proper motion fi* of Sgr A* are equivalent to the introducing systematic 
errors ey and in and /i, correspondingly. Because values of V* and /i* are independent 
and unknown, their combined impact on an Rq estimate can be described by the formula of 
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propagation of errors applied to Eq. 



< s (Ro) = (J) + 

= (R /V,nel+Rlel). 



V,, 



(8) 



From Eq. ([7]) follows 

ev M = e Vp V*-2-l, (9) 

if an uncertainty on orbit elements is ignored, as it was actually done in section 13.1.1 Then 
considering that Ey T = \V*\ we have 



--Ro 



v 2 



* 2 



(10) 



Value of depends from the relative orientation of vectors fx and In the general 
case < < fi* . Hence, e.g., for equal radial and tangential components of Sgr A* motion, 
i.e,for^ = |y;|,or^=|y r *|/i2o, 



maxe Ro = £jfo(V?)fci, 



V* 



Vr 



(12) 



Here Er (V*) is the systematic error in i? owing to only the radial velocity of Sgr A* [see 
Eq. ©]. 

For V* 2 = 2V r * 2 , or fi* = y/2\V*\/Ro, i.e., for equal all three Cartesian components of 
Sgr A* motion, 



max £ro = £ Ro (V*)k 2 , k 2 



1 + ^ 
1 - ^ 



(13) 



With the S2 orbit elements derived in lEisenhauer et al.l (120051 ). k\ w 1.4974, 
k 2 w 1.8666. 

Thus, for a given V^. the effect of nonzero proper motion of Sgr A* on R , being a 
function of the true anomaly, ranges from zero to values comparable to the effect of nonzero 
radial velocity of Sgr A*, in the latter case increasing measurably the total systematic error 
in R . 



4. Conclusions 

Simple considerations show that neglect of even low radial velocity of Sgr A * relative to the 
LSR leads to a substantial systematic error in R — up to 6%, i.e., ~0.5 kpc, for plausible 
values of Sgr A* velocity. It is too much to consider the distance to Sgr A*, not to mention 
the value of Ro, as being established reliable from the present results on modelling the 
S2/Sgr A* system. 

A proper motion of Sgr A* biases the distance value not so inevitably, but in limiting 
cases can increase the systematic error in R owing to radial motion by factor up to ~ 1.5- 1.9 
for similar values of Sgr A*'s tangential velocity. 
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